Fluxgate magnetic field sensors are commonly used in the industry, navigation as well as in non-destructive testing. Moreover, recent development of such sensors is focused on effective application of thin layer magnetic cores, such as made of amorphous alloys. However, effective development of fluxgate sensors require method of modeling its core taking into account demagnetization. The paper presents the results of optimization of the shape of thin-layer core for fluxgate sensor. Due to the fact that possibility of application of finite elements method is limited in the case of thin layer, the method of moments was used. Considering the geometry of the core as well as magnetizing and sensing winding, the optimal proportion of the length/thickness parameter was determined from the point of view of sensor sensitivity. It was proven that value of this optimal proportion is strongly dependent of thickness of the core.
Introduction
Fluxgate sensors are commonly used in industry and scientific research due to their high sensitivity, low noise level as well as the wide range of operating temperature [1] . Recently developed fluxgate sensors often use thin layers of magnetic materials as its inductive core [2] . Especially amorphous magnetic alloys are very attractive materials for single [3] and two axis [4] fluxgate sensors developed as a multi-layer printed boars circuit (PCB).
It should be stressed that for fluxgate sensors, the signal-to-noise ratio is the most important. However, sensor sensitivity is one of the most contributing factor in the signal-to-noise ratio. Moreover, in the case of PCB sensors, other parameters influencing on the signal-tonoise ratio, such as quality of the edges or properties of the material, are independent of the sensitivity caused by the sensor geometry and can analyzed separately.
In spite of promising applications, the guidelines for the shape of frame core for two axis PCB-based fluxgate sensors were not presented in the literature. The paper is filling this gap presenting the method and the results of optimization process of the frame-shaped core of fluxgate sensor focusing on the sensor sensitivity.
Two axis fluxgate sensors as PBCs
General view of two-axis fluxgate sensor developed as the PBC [5] is presented in Fig. 1a . Such sensor utilizes the frame-shaped inductive core (presented in Fig. 1b) * corresponding author; e-mail: rszewczyk@onet.pl made as an amorphous alloy layer, with thickness t typically equal to 30 µm. Length of the frame-shaped core is described as L, whereas its width is marked w. On each side of the frameshaped core, both magnetizing and sensing winding is wound. In such a case, the output signal U (t) from the sensor is given by the following equation:
where n is the number of turns of sensing winding, and B is the flux density in the core.
3. Optimization of the shape of the core During the magnetization of frame-shaped core of the fluxgate by the external, measured magnetizing field H m , achieved value of flux density B m in the core is determined mainly by the demagnetization process than by the relative permeability of the core material. Calculation of the distribution of flux density B m in the core is not a trivial task. Due to the problems with application of finite elements method for this purpose (connected with the radical increase of the number of elements in the mesh for the thin layers [6] [7] [8] ), the method of moments should be applied. Generalization of the method of moments for thin layers is presented elsewhere [9] . Figure 2 presents the results of simulation performed by the method of moments for thin layer, frame-shaped core with length L equal to 10 mm, thickness 30 µm and material relative permeability µ = 10000. Simulation was carried out for three values of core width w and magnetizing field H equal to 100 A/m. Stronger demagnetization effect may be observed for higher values of core width w. This phenomenon is confirmed by Fig. 3 presenting the distribution of the flux density B in the middle of frame-shaped cores side, during the magnetization by uniform value of external magnetizing field H in x direction. Results are presented for different values of parameter 2w/L describing the core. Moreover, the results of simulation show that for core material relative permeability µ changing from 10 3 to 10 5 , the value of flux density in the core changes less than 0.3%. It clearly shows that for the analysed shapes of the core, flux density B distribution in the core is determined by the demagnetization caused by the shape of the core. 
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On the base of presented results of simulations, the optimization of 2w/L frame-shaped core parameter may be carried out. For optimization, the following assumptions should be stated:
• thickness of the core is equal to 30 µm, and its length L is 10 mm. The core is magnetized by the external magnetic field H = 100 A/m,
• sensing winding is wound at the length L-2w-1.8 mm of the central part of the internal side of the frame-shaped core with given turns per millimeter winding density. Value of 2 × 0.9 mm margin in the sensing core is caused by the technological requirements,
• output signal is proportional to the average value of flux density B from the external magnetic field H (which is true due to the principles of operation of a fluxgate sensor [10] ). As a result, the magnetostatic simulations were carried out.
The results of optimization are presented in Fig. 4 . It can be seen that value of output signal k (given in arbitrary units) has maximum at 2w/L equal to 0.375. Moreover, it tends to zero for very narrow core (2w/L → 0) and when there is no place for the sensing winding (2w/L > 0.6, the inside hole is too narrow for the sensing winding). Presented optimization was carried out for the given value of frame-shaped core thickness t equal to 3 µm. This value of thickness is typical for frame-shaped cores produced from the rapidly quenched amorphous alloys during the photolithography process. However, presented method may be used also for other core thickness, especially for ultrathin layers produced for microsensors. However, in such a case optimal value of 2w/L may be different due to the different demagnetization of the core.
Conclusions
Optimization of the thin layer cores of fluxgate sensors requires magnetostatic simulations of flux density B distribution in the core. However, due to the fact that finite elements method is not suitable for such simulation, the application of previously presented, generalization of the method of moments for thin layers was used.
In the case of frame-shaped fluxgate core made of amorphous alloy with length L equal to 10 mm and thickness 30 µm, the highest sensor sensitivity is reached for 2w/L equal to 0.375. Value of optimal 2w/L does not depend of relative permeability of the core, when it vary from 10 3 to 10 5 . However, other values of core thickness, optimization process should be carried out again. Repeating of optimization calculations is necessary due to the different value of demagnetization of the core and variations in the distribution of flux density B.
